Busulfan (BU) is included in many conditioning protocols for haematopoietic stem cell transplantation (HSCT). Pharmacokinetic parameters in individual patients have been related to short-term toxicity and risk of relapse after HSCT. In a series of 11 patients receiving the usual 16 × 1 mg/kg schedule over 4 days, we investigated the pharmacokinetics of replacing one dose with an intravenous formulation (BU in DMSO) which we had previously investigated in dogs. A dose of 0.5-0.6 mg/kg was used. No acute side-effects of BU/DMSO infusions administered over 1 h were observed. Bioavailability of BU powder capsules was on average 70% (range, 44-94%). Interindividual variability of the resulting AUC after intravenous doses was still substantial. Further studies are under way to define the possible role of BU/DMSO infusions in conditioning before HSCT. Keywords: busulfan; dimethylsulphoxide; pharmacokinetics; bioavailability Oral busulfan (BU) is used in many conditioning protocols before HSCT. The oral bioavailability and pharmacokinetics of BU have been notoriously variable. Furthermore, a correlation between plasma levels and toxicity, in particular veno-occlusive disease (VOD) of the liver has been reported, 1 and a recent study found an inverse correlation between plasma levels and probability of relapse in patients with chronic myeloid leukaemia.
Oral busulfan (BU) is used in many conditioning protocols before HSCT. The oral bioavailability and pharmacokinetics of BU have been notoriously variable. Furthermore, a correlation between plasma levels and toxicity, in particular veno-occlusive disease (VOD) of the liver has been reported, 1 and a recent study found an inverse correlation between plasma levels and probability of relapse in patients with chronic myeloid leukaemia. 2 Variations in levels both intrapatient and interpatient, are thought to depend to a large extent on differences in the bioavailability of the oral preparation of BU. An intravenous preparation of BU should overcome these problems at a dose corresponding to that estimated to be the bioavailability of the oral preparation.
We previously reported pharmacokinetic data on a water soluble form of BU prepared in dimethylsulfoxide (DMSO) administered to dogs. 3 Since then clinical pilot studies using small doses of BU administered i.v. have been reported. However, no study has been conducted using doses of BU as required in the setting of HSCT. This, however, is necessary to determine the actual bioavailability of the drug given at those doses.
For ethical reasons, a classical phase I dose escalation of BU/DMSO is not feasible in the setting of conditioning. Transplantation is always used with curative intent and considering the success rate with oral BU, low dose i.v. administration would not be acceptable. Therefore we chose a different strategy: we designed a protocol in which only one of the customary 16 oral doses of BU would be replaced by an i.v. preparation at a dose corresponding to that estimated to be the bioavailability of the oral preparation.
Aims of the present study were to define actual BU bioavailability in the high-dose regimen and to identify possible toxicities that might be associated with single intravenous doses.
Materials and methods
For the usual 4-day schedule of 4 × 1 mg BU/kg/day in preparation for HSCT, we decided to replace one dose with our i.v. formulation. The starting dose was derived from our previous study, 4 in which we measured the area under the curve (AUC) for BU concentration after five oral doses in 20 individual patients. Assuming that the highest AUC in each individual patient represented the maximal bioavailability, we concluded that the average bioavailability would be no higher than 50-80%. In fact, in animal experiments, 3 values as low as 20% were observed. Thus, we chose an initial individual i.v. dose of 0.5 mg/kg, ie 50% of the prescribed oral dose. This dose was given as the second dose in the regimen of 16 doses (see Figure 1 ). Doses 3, 4 and 5 were given as regular oral doses of 1 mg/kg each. Dose 6, 24 h after the i.v. dose was given orally but only at 0.5 mg/kg, ie numerically corresponding to the i.v. dose to allow for pharmacokinetic determinations after such a dose and possibly correct for variables introduced by the modified dose. Blood samples were collected after doses 2, 5 and 6.
HPLC analysis was used to determine plasma levels, which were used for possible dose modifications on the last day of treatment. Since bioavailability was unknown, the possibility of both under-and overexposure had to be considered. For example, in the event of unexpected low bioavailability the i.v. BU could have resulted in an excessive AUC and dose 16 would have been reduced or omitted.
Based on the results in the first patients, the reduced doses 2 and 6 were slightly increased to 60% (0.6 mg/kg) to keep estimates of overall AUCs for the 4 days within the expected range of reported values.
Intravenous BU/DMSO solution was prepared immediately before administration as described. 3 Heparinized blood samples were obtained at 0, 30, 60 and 90 min, 2, 3, 4, 5 and 6 h after the second and sixth dose. In addition, samples were obtained after the fifth dose at 0, 1, 4, and after 6 h for a limited sampling estimate (LSE) of the AUC. Samples were immediately chilled and centrifuged and plasma stored at −20°C until analysis. HPLC analyses were carried out as described previously. 5 AUCs were calculated using the trapezoid rule without extrapolation after the last data point. Half-lives are given as non-parametric estimates, and total clearance after intravenous doses was calculated as the dose divided by AUC.
Patients
Eleven patients were included in the study (five AML, one CML, four multiple myeloma, one MDS). Ages ranged from 23-54 years with a median of 43, weight ranged from 58-85 kg with a median of 79 kg. All patients received BU as described, followed by 2 days of cyclophosphamide at a dose of 60 mg/kg. Benzodiazepines were used for seizure prophylaxis; no phenytoin was given. The study protocol was approved by the local ethics committee.
Results
Intravenous BU/DMSO was tolerated without clinical toxicity. No seizures were observed. One patient (No. 3) developed veno-occlusive disease (VOD) of the liver but recovered. This patient's AUC after the intravenous dose was close to the mean of the group; after oral doses 5 and 6, AUCs ranked first and third of the group, respectively. Figure 1 Graphic representation of the study design. Reduced doses of BU were given at the same time of the day to exclude effects of chronopharmacology. 7, 8 AUCs, t . and clearance values are given in Table 1 , bioavailability ranged from 40-94%, with a mean value of approximately 70%. In one patient the intravenous dose could not be analysed completely because of several missing values. In no patient were modifications of dose 16, or an additional dose 17, required. Estimates of overall AUCs suggested that total BU exposure would have been approximately 3% higher if oral BU had been used exclusively.
As observed before, one oral AUC (0.5-0.6 mg/kg) had only limited predictive value for another (full) dose (linear correlation, r 2 = 0.57). On the other hand the mean values of oral AUCs (3213 ng × h/ml after 0.5-0.6 mg/kg and 6150 ng × h/ml after 1 mg/kg) show a linear relation between AUC and dose for the group as a whole. In this small group, we could not demonstrate a reduced interpatient variability (expressed as ratio between (standard deviation of mean AUC)/(mean AUC)). Intrapatient variability of the i.v. formulation could not be determined, as each patient received only one intravenous dose.
Discussion
We have shown in this study that the bioavailability of oral BU at a dose of 0.5-0.6 mg/kg is approximately 70% (Ϯ16%) although the range was broad (40-94%). These results are is in good agreement with data by Hassan et al, 6 who found a bioavailability of 80% (Ϯ19%) in seven adults and of 68% (Ϯ31%) in nine children, using a similar formulation at a much lower dose (median 0.11 mg/kg in children, 0.027 mg/kg in adults). The clearance reported by this group is somewhat higher than the values observed in the present study: for patients over the age of 13 years clearance values (2.4 + 0.5 ml/min/kg) were within 1 s.d. of the mean of the present study. In the studies reporting chronopharmacological effects with BU, 7, 8 the cause of the observed effects is not entirely clear. If chronopharmacology affects absorption rather than, for example, distribution or elimination, differences in bioavailability might occur depending on the timing of the measurements. Due to the fact that the oral dose was given 1 day later at the same time, we may have reduced variability. Our intravenous starting dose of 50% was close to the measured bioavailability of 70%. No relevant underdosing occurred despite our dose reduction, for two reasons. Firstly because reducing two of 16 doses by 50% is only 1/16 (or 6.25%) of the total dose, secondly BU powder in capsules seems to produce marginally higher AUCs compared to the tablets previously used, 4 as estimated by the LSE-AUCs. Thus, the design of our study proved safe, as there was no relevant alteration of drug-exposure in terms of AUC.
Dose adjustments for patients with high AUCs have been proposed in an attempt to reduce VOD incidence and severity. 1 As in our previous study, the weak intraindividual correlation between the different AUCs does not support attempts to use measured AUCs for dose modifications of later doses. A relation between VOD incidence and AUC has not been found in all series (eg Refs 2 and 4). Increased risk of relapse with low exposure was described by one group. 2 When dose adjustments were made, AUCs were not necessarily in the expected range. 9 Hepatotoxicity, as a marker of high exposure to an anticancer drug, may even be associated with a more favourable outcome in some settings. 10 Therefore we do not regard individual dose adjustments justified outside clinical studies. With these low intravenous doses, we were not able to show a marked reduction of interpatient variability of BU-AUCs. Single daily doses, as proposed by Shaw et al 11 for the oral route are now under investigation for our intravenous formulation and may help to reduce variability. Unfortunately, we were not able to prove reduced interpatient variability in this series. Only a series with larger and repeated intravenous dosing will allow the need and possibility of dose individualisation with intravenous doses to be estimated. The total amount of DMSO necessary for a 4-day treatment would be approximately 4 × 150 l/kg, the total dose given on a single day, when large volumes of cryopreserved cells are given. Thus, toxicity of DMSO should be manageable.
In conclusion, replacing one out of 16 doses of BU with an intravenous BU/DMSO solution in a dose of 0.5-0.6 mg/kg was possible without unexpected toxicity. Bioavailability of BU capsules is approximately 70% with wide ranges of observed values. In an ongoing study, oral BU is gradually replaced by four single daily intravenous infusions. In this setting, reliable monitoring should be possible with comparatively few blood samples and without the restrictions of a 6-h dosing interval. This should help to define more clearly the relation between individual BU pharmacokinetic parameters, side-effects and toxicity.
